 Byzantine glass appears heavily recycled in spite of proximity to primary furnaces of Levantine coast
Introduction
The archaeological site of Umm el-Jimal is located in the northeast part of Jordan near the border with Syria ( Fig. 1) . Ancient Umm el-Jimal is built with the black (dark grey) basalt rock of Harrat asham which covers the area to the east of the site [1] . Four (Nabataean, Roman, Byzantine and Umayyad) cultures resided in the city for about 700 years and left behind them many of their structures including houses, temples, towers, churches, cemeteries, water cisterns, etc. [2, 3] . These structures are located in different parts of the site while the cemeteries surround the site from three directions: the north, east and west. Excavations in the past years at three of the site's structures (the Cathedral, the Theophilus or double church and the Saint Maria church) and the north cemetery uncovered glass remains among other archaeological materials. The glasses were dated to the Roman, Roman-Byzantine and Byzantine periods depending on the pottery and coins found in the same contexts.
Byzantine glass samples were selected for chemical analysis in this pioneer study to examine the glassmaking technology during the early (AD324-491) and late (AD491-636) Byzantine period at Umm el-Jimal and compare it to the glassmaking technology of the north Jordan area during the same period. The study explores whether the geographic location of Umm elJimal was part of a regional system of glass production and distribution during the Byzantine period.
Samples and structures
A set of twenty samples dated to the Byzantine period were selected for analysis from the four features mentioned below. One sample (sample 15) is green while the rest of the samples vary in their colors from light to bluish to olive green (Table 1 reports a brief description of the samples).
The Cathedral
The cathedral is the largest church at the site and located at the site's center to the south of Commodus gate. Based on an inscription found upon the fallen cap of one of the piers of the apse arch, it was dated back to the sixth century AD (AD 556). The Cathedral has a nave, two aisles, adjoining room at the east end of the north aisle and eight entries (three are at the west wall and three are at the north wall, while two are at the east wall) [2: p.183]. Glass samples were excavated from the Baptistery of the Cathedral after the removal of thick layers of around 2 meters of rubble, debris and dirt. The glass artefacts were found on the ground of the Baptistery and its niches. In addition, Byzantine and some Umayyad lamps were uncovered from the same contexts. Samples 2, 3, 10, 17 were collected from the Cathedral (Table 1) .
The Double church (or Theophilus)
The Double church is formed of two adjacent churches separated by a wall of two joint entries; the north basilica and the south hall church. The construction of the double church was dated to the sixth century AD based on its architecture and archaeological materials found in it, although it was reused in later periods [2] . It is located at the southeastern part of the site and quite surrounded by houses. During 2012-2013 excavations at the south hall church, an inscription of Theophilus written on the mosaics was uncovered; therefore, it was also named Theophilus church. The studied glass samples were dated to the Byzantine period based on the dates of ceramics, lamps, etc. that were collected during the same excavations.
The distinguished feature of this hall church is that its chancel screen was built with burnt bricks. Samples 4, 5, 6, 18, 19, 20 were selected from the Theophilus church (Table 1) .
Saint Maria church (chapel)
The church is a small chapel of an entrance in its southern wall. An inscription of Agia Maria on a stone at its southern entrance was the reason to give it this name. Glass, tesserae, ceramics and lamps were uncovered during salvage excavations in 2012 and 2013 seasons.
Because of the considerable amount of Umayyad ceramics found along with the Byzantine ceramics during the excavations, the chapel was dated by the site's excavator (Al-Housan) to the Late Byzantine -Early Umayyad period. Samples 7, 9, 12, 14, 15 were selected from Saint Maria church (Table 1) .
The North cemetery
The North cemetery is located in the northeast part of the archaeological site and extends outside the city fence in certain points. It is suggested that it was used for seven centuries (1st -7 th century AD) according to the ceramics, lamps and inscriptions uncovered from the tombs. The tombs are about 2 -2.5m deep, built and corbelled with basalt blocks and slabs.
Some tombs have remnants of wooden coffins, where few of them were lined with bronze sheets. Most of the finds are ceramics, glass, nails, lamps, badly corroded coins and bones, wood and bronze sheets. The selected five glass samples 1, 8, 11, 13, 16 (Table 1) were collected from two tombs of a mausoleum located adjacent to the fence during a salvage excavation in 2012-2013.
Methods
Small pieces of 2-4 mm 2 in size were cut from the samples, mounted in epoxy resin, ground down using silicon carbide papers to expose fresh cross sections of the glass, ground with progressively finer silicon carbide and polished with diamond pastes down to 1 μm grade.
Then, they were vacuum coated with a thin carbon layer in preparation for electron probe micro-analysis (EPMA) with wavelength-dispersive spectrometry (WDS). They were analysed using a JEOL JXA 8100 microprobe with three wavelength dispersive spectrometers, operated at 15 kV accelerating potential, beam current 50 nA, working distance of 10 mm and rastered at a magnification of x800. X-rays were collected for 30s on peak and 10s on each background. Standards were pure elements, oxides and minerals of known composition. Seven areas were analysed on each sample and the mean taken. Corning Museum Ancient Glass Standards A and B [4, 5, 6] were measured a number of times during the same analytical run, and the measurements compare well with the given values ( Table 2) .
Analyses were performed at the Wolfson Archaeological Science Laboratories, UCL.
Results

Glass origins and chronology
Nineteen of the twenty samples are soda-lime-silica glasses ( It is considered that natron soda-lime-silica glass (of low magnesia and potash) was made in the southeastern Mediterranean and possibly in Europe, from the eighth century of the first millennium BC through to the eighth century AD [10: p.111,11] . Glass with the concentrations of the major components found in the present investigation was widely produced during the Byzantine and early Muslim times. On the contrary, soda-lime-silica glass of high magnesia and potash made by using plant ash reoccurred after the eighth century AD in the Levant [11] .
Fig. 2. Comparison of the CaO and Al2O3 contents of the Umm el-Jimal samples to
Apollonia-Arsuf, Bet Eli'ezer and Jalame reference data [11,12, 13,14, unpublished] . Although there is some overlap, most of the samples are located within the Apollonia-Arsuf group while some samples are located within the Bet Eli'ezer group. Table 2 show that the levels of lime CaO and alumina Al2O3 range from 6.08 to 10.24% and from 2.57 to 3.39%. Lime and alumina values usually represent impurities of calcium carbonates and feldspars in the sand used for the production of the glass samples.
The narrow range of these components in the Umm el-Jimal samples suggests the use of a common sand and this is confirmed by the strong correlation between FeO and TiO2 (R 2 = 0.8757) which conforms to the trend recorded from Palestinian tank furnaces and reflects the manufacture of the glass there ( Fig. 3) . The glass from the coastal plain of Palestine was termed "Levantine" by [12, 15] who defined two groups, Levantine I and Levantine II. Levantine I was an artificially constructed "Byzantine" group comprising late Roman (fourth century) glass from the production site of Jalame [9] and various other sites, including a known primary production centre ApolloniaArsuf which operated in late Byzantine times (6 th -7 th centuries). The second group, Levantine II, consisted only of raw glass from the primary production furnaces at Bet Eli'ezer (Hadera) which at the time were considered late Byzantine-early Islamic, but which recent analytical work appears to place firmly in the Umayyad period [16] . In fact, the accumulation of significantly more analyses from Apollonia-Arsuf [13, 14] shows that the products of the furnaces there differ from the fourth century material from Jalame.
The bi-plot of CaO vs Al2O3 in (Fig. 2) shows that there is a change in the composition of these two components from 4 th century Jalame, through 6-7 th century Apollonia-Arsuf, to 7-8 th century Bet Eli'ezer (Hadera), moving from the upper left to lower right. The plot shows a gradual decrease in lime (CaO) and increase in alumina (Al2O3). It is therefore clear that it is no longer appropriate to group Jalame and Apollonia-Arsuf products in a single category.
Rather than using the terms "Levantine I" and "Levantine II", Syro-Palestinian glasses should, where possible, be attributed to a specific production centre, or the regional term "Levantine" used as a general attribution.
The Umm el-Jimal glass has high alumina (c. 3%), low soda (c. 12-15%) which particularly characterize Levantine glass of the late Roman-Umayyad periods ( Table 2 , Fig. 2 ).
Furthermore, there is a strong correlation between iron and titanium oxides which yields a trend matching reference samples from Levantine tank furnaces (Fig. 3) . There is therefore little doubt that the Umm el-Jimal glass originated in the Levantine coastal strip. From ( Fig.   2 ) it is observed that the majority of the Umm el-Jimal glass appears to relate to the Apollonia-Arsuf group ("Levantine I") as might be expected from the Byzantine date (AD324-636) assigned to this assemblage. Apollonia-Arsuf products have a composition characterized by around 16% soda, 8% lime, 3% alumina and 70% silica [13] . However, a number of samples appear to relate more to Bet Eli'ezer (Hadera) group (Levantine II) that has a composition that is characterized by around 12% soda, 7% lime, 3.3 alumina and 75%
silica [12, 16] . A more effective discriminator between glass from Apollonia-Arsuf and that from Bet Eli'ezer (Hadera) involves comparing the ratios Na2O/SiO2 and CaO/Al2O3, as in (Fig. 4) . Here we have divided the Umm el Jimal glass into two groups, high-and low-CaO, which more-or-less correspond to the Apollonia-Arsuf and Bet Eli'ezer (Hadera) type glasses.
Fig. 4.
Comparison of Umm el-Jimal samples with glass from the primary production centres at Bet Eli'ezer (Hadera) and Apollonia-Arsuf.
We cannot ascribe the low-CaO glasses to Bet Eli'ezer (Hadera) with full confidence at this [18] , which also determines samples 5,6,7,18 as "Levantine II" i.e.
from Bet Eli'ezer (Hadera).
The presence of some Umayyad glass composition in the archaeological assemblage suggests the reuse of the churches during the Umayyad period or an intrusion of these samples due mixing of archaeological layers. Furthermore, several samples are from Saint Maria church (Table 1) which, on the basis of ceramic evidence, was re-used during the Umayyad period. 
Recycling
The Umm el Jimal natron glasses show strong correlations between K2O, CaO and P2O5 (Fig.   5 ). This is likely to represent contamination of the glass in the furnace by fuel ash and fuel ash vapour [19, 20, 21] .
There is an increasing agreement that this contamination is particularly characteristic of recycled glass, where the interaction of glass and fuel may be increased by repeated remelting and/or the use of small and less efficient furnaces in workshops which work mainly with recycled materials [e.g. 22, 23, 24] .
Other indicators of recycling include contamination by colourants such as copper and lead, which are incorporated when small amounts of coloured glass are included in the recycled batch [25, 26] and also iron, which is incorporated partly as the oxidised scale which forms on the end of the iron blowpipe used to manufacture the glass [24] . which, while significant, is still quite low to be considered an effective decolorizing agent.
These intermediate values might have been generated by the recycling of Mn-decolourised glass with glass which had not been decolourised. This is consistent with the findings of Foy et al. [27] who found that in their sample, after the fifth century Levantine glass was no longer decoloured using manganese. Table 2 indicates that the samples with elevated manganese also tend to have elevated PbO and CuO, supporting the idea that they are recycled.
We have arranged the data table (Table 2) in a format to provide information which is diagnostic of recycling, which we term a Diagnostic Recycling Table ( We also observe a weak inverse correlation between potash and chlorine in the high CaO group (Fig. 6 ). This is explicable in terms of the behaviour of these components in the glass working furnace. Potassium is vaporised from wood-ash at temperatures in excess of about 900 o C [28] and this is likely to be responsible for a significant component of the contamination by this element in wood-fired furnaces, as opposed to direct contamination by ash particles, which is also likely to occur. Chlorine is a volatile, and prolonged or repeated melting of the glass is likely to result in a depletion of this element. Chlorine depletion and potash contamination are therefore both dependent upon the duration of contact between the surface of the glass and the furnace atmosphere at high temperatures, giving rise to the antipathetic relationship observed.
Most of the high-CaO group of glass identified in this study therefore shows evidence of significant recycling. However, we do not observe this in the low-lime group, where concentrations of contaminants show no evidence of elevation ( Table 2) .
As mentioned above, elevated values of copper, iron, lead, zinc and tin in sample 15 most probably indicate another kind of recycling, the use of remnants of copper alloy and iron as a colourant. In fact, besides iron, the dark green color is most probably derived from the elevated level of copper [30] .
Discussion
The attribution of the majority of the glasses to Apollonia-Arsuf/Levantine I type production is consistent with previous studies of Byzantine glass in northern Jordan. Alama [29] show moderate-high percentages of alumina and lime, and indicate that the glasses are natron soda-lime-silica and of Levantine I group. Perhaps unsurprisingly, it appears that the glass supply in northern Jordan at this time was dominated by the glass made on the Levantine coast, Hadera is just 88.5 km from Irbid, and a similar situation also seems to have prevailed at Petra in the South [20, 33] .
Less expected, given the proximity of the Levantine production sites, is the finding that most of the Apollonia-Arsuf type glass we have examined shows strong evidence for recycling, implying that the local vessel and window manufacturers frequently depended upon recycled glass rather than fresh material from the coast. The results of [20] suggest that a similar situation prevailed in the South. There are a number of possible explanations for this observation, and these need not be mutually exclusive. It could simply reflect a limited supply of fresh glass, or that the tank furnaces on the coast operated only sporadically.
Alternatively, the raw glass may have been directed towards overseas or external markets, rather than internally. Whatever the reason, however, the apparent strong dependence upon recycled glass has socio-economic implications which merit further investigation.
Some relationship may be discerned between the archaeological contexts of the glass samples and their composition. We have indicated the various buildings (A -Cathedral; B -Double Church/Theophilus; C -Saint Maria Church; D -North Cemetery) in Table 1 
Conclusions
The chemical analysis of the Byzantine glass samples from the Cathedral, the Double church The basic aspect of this study is the re-enforcement of the evidence for recycling in the Byzantine period by an exceptionally wide range of recycling indicators, including ashderived elements, colourants and decolourants, chlorine and iron. This might suggest that the supply of fresh glass produced on the coast of Palestine was restricted at this time. 
